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clamp were increased at 24 h after LPS concordant with a switch to Mypt1 exon 24Ϫ splice variant coding for a leucine zipper (LZ) motif required for PKG-1␣ activation of myosin phosphatase. This was reproduced by smooth muscle-specific deletion of Mypt1 exon 24, causing a shift to the Mypt1 LZϩ isoform. These mice had significantly lower resting blood pressure than control mice but similar hypotensive responses to LPS. The vasodilator sensitivity of wild-type mice to DEA/NO, but not cGMP, was increased at 6 h after LPS. This was abrogated in mice with a redox dead version of PKG-1␣ (Cys42Ser). Enhanced vasorelaxation in early endotoxemia is mediated by redox signaling through PKG-1␣ but in later endotoxemia by myosin phosphatase isoform shifts enhancing sensitivity to NO/cGMP as well as smooth muscle atrophy. Muscle atrophy and modulation may be a novel target to suppress microcirculatory dysfunction; however, inactivation of inducible NO synthase, treatment with the IL-1 antagonist IL-1ra, or early activation of ␣-adrenergic signaling did not suppressed this response. myosin phosphatase; mesenteric artery; endotoxemia SEPSIS is characterized by the induction of nitric oxide (NO) synthase [inducible NO synthase (iNOS)], oxidants, and cytokines that function to increase blood flow and recruitment of inflammatory cells to the site of infection. A vigorous endogenous response and early treatment are most critical to good patient outcomes (29, 41a) . If unchecked, sepsis may progress to severe hypotension and shock with multiorgan failure. Despite intensive study in animal models and humans, the mortality for septic shock remains high, and therapy remains supportive with the administration of fluids and vasopressors such as norepinephrine and vasopressin (1, 23) . Restoration of systemic blood pressure to "high" versus "low" levels (mean arterial pressures of 75-85 vs. 65-70 mmHg, respectively) did not affect patient outcomes (2) , supporting the premise that microcirculatory dysfunction with tissue malperfusion is a major contributor to the poor outcomes in septic shock (12, 34, 47) .
The etiology of the microcirculatory dysfunction in the later stages of sepsis is not well understood (9) . A recent report (45) demonstrated a novel vasodilatory signaling pathway in the early stages of sepsis, oxidative activation of PKG-1␣ (45) . Mice with a redox dead version of PKG-1␣ [mutation of cysteine 42 to serine (Cys42Ser)] had a suppressed early hypotensive response to endotoxin (LPS) or cecal ligation and puncture but exhibited a delayed response such that by 16 -24 h they had hypotension similar to that of wild-type mice. We hypothesized that other changes in NO/PKG signaling or more generalized changes in arterial smooth muscle contractility may underlie the sustained vasodilation of the later stages of endotoxemia. One possibility is a general reduction in arterial smooth muscle contractility due to activation of atrophic pathways, as occurs in skeletal muscle in sepsis and other inflammatory conditions (4) . Alternatively, the late hypotension of sepsis unaffected by PKG-1␣ Cys42Ser could reflect specific changes in NO/PKG or other vasodilator signaling pathways. Myosin phosphatase (MP) by dephosphorylation of myosin is the primary mediator of smooth muscle relaxation and a key target of NO and other signals that regulate vascular smooth muscle tone (11, 44) . Expression of MP isoforms determines the sensitivity of smooth muscle to NO/PKG-mediated relaxation. Smaller resistance-type arteries predominately express the exon 24 (E24)-included isoform of the MP regulatory subunit of MP-targeting protein 1 (Mypt1), which codes for an isoform that lacks a COOH-terminal leucine zipper (LZ) motif (40, 55) . This LZ motif is required for PKG-1␣ LZ-mediated heterodimerization and activation of MP (Refs. 21, 25, 43, and 51; for a review, see Ref. 17) . The E24Ϫ/LZϩ isoform of Mypt1 predominates in the slow smooth muscle of the aorta and accounts for the ability of NO/PKG-1␣ to activate MP and relax aortic smooth muscle even under maximal Ca 2ϩ concentrations, i.e., desensitization of force production to Ca 2ϩ . The expression of these isoforms is tissue specific and developmentally regulated (25, 39, 43) and modulates in disease (31, 40, 55) but has not been examined in models of endotoxemia.
In the present study, we examined MP subunits and other contractile proteins in relation to mesenteric arterial smooth muscle contractility in a mouse endotoxin model of endotoxemia. Endotoxin induced atrophy, as evidenced by reductions in contractile proteins and force generation, specific to small artery smooth muscle in the later stages of endotoxemia.
NO/PKG-1 signaling was specifically modified by distinct mechanisms in early versus late endotoxemia. In the later stages (24 h) a switch to the Mypt1 E24Ϫ/LZϩ isoform increased sensitivity to NO-and cGMP-mediated Ca 2ϩ desensitization of force production. Genetic deletion of E24 in smooth muscle phenocopied this effect, whereas PKG-1␣ mutation had no effect. At the early stage of endotoxemia (6 h), increased sensitivity to NO was abrogated in mice with the redox dead version of PKG-1␣, whereas sensitivity to cGMPmediated Ca 2ϩ desensitization of force production was unaffected. This demonstrates different molecular mechanisms by which vasodilator reserve in resistance arteries is lost in early versus later stages of endotoxemia and suggests a target for abrogation of sustained vasodilation and malperfusion in later stages of endotoxemia. However, neither genetic inactivation of iNOS nor treatment of mice with the ␣ 1 -adrenergic agonist phenylephrine (PE) or IL-1 receptor antagonist (IL-1ra) prevented the phenotypic and atrophic changes of resistance artery smooth muscle in the later stages of endotoxemia.
MATERIALS AND METHODS
Animal model. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Maryland and adhered to National Institutes of Health guidelines. A total of 96 mice were used in this study. Adult male C57bl/6J mice (Jackson Laboratories) and iNOS knockout mice were purchased from Jackson Labs [Nos2 tm1Lau /J, stock no. 002596 (27) ]. SMMHCCre-ER T2 //Mypt1 F/ϩ (heterozygotes) were generated as previously described (43) . Briefly, LoxP sites were inserted to flank E24 of Mypt1 in the C57bl/6J background. Mice were bred into SMMHCCreER T2 mice (53) . SMMHCCreER T2 mice without floxed alleles served as controls. SMMHCCreER T2 //Mypt1 F/ϩ (heterozygotes; designated as Creϩ//F/ϩ) and SMMHCCreER T2 //Mypt1 ϩ/ϩ (controls; designated as Creϩ//ϩ/ϩ) were injected with tamoxifen (50 mg/kg in sunflower oil, intraperitoneal) for 5 consecutive days at 3 wk of age for smooth muscle-specific deletion of Mypt1 E24 and studied at 8 wk of age. Adult PKG-1␣ male mice (4 -7 mo of age) with the Cys42Ser mutation (redox dead) in PKG-1␣ (42) were generously provided by Philip Eaton (King's College).
Mice were given a single intraperitoneal injection of LPS (Esherichia coli serotype O111:B4 in 0.87% sterile saline) at varying concentrations (1, 10, and 20 mg/kg). Control animals were injected with vehicle (0.87% sterile saline). Animals were euthanized at 6-h intervals from 6 to 24 h after injection, and blood vessels were isolated for analyses of mRNA, protein, and vascular contractility. In separate experiments, wild-type mice were injected with LPS (20 mg/kg ip) followed by intraperitoneal injection of 1) PE (1 or 5 mg/kg) 3 h later (n ϭ 8 total) or 2) IL-1ra (80 g/kg, Sigma) 1 or 3 h later (n ϭ 8 total). All mice of the different genotypes appeared severely ill at 24 h after LPS and did not survive beyond 36 h.
mRNA and protein assays. mRNA and protein were assayed as previously described (18, 43) with minor modifications. In brief, the aorta, portal vein, femoral artery, and entire mesenteric arterial arcade (stripped from the superior mesenteric artery to third-order arteries) were isolated in RNALater, homogenized, and total RNA column purified (RNEasy, Qiagen, Valencia, CA). Total RNA (100 ng) was reverse transcribed with Superscript III enzyme (Invitrogen) followed by PCR. Mypt1 E24 splice variants were quantified in a single PCR using primers that flank the alternative exon. E24ϩ and E24Ϫ products were separated by gel electrophoresis, band intensities were directly quantified with LI-COR Odyssey, and data are reported as percentages of Mypt1 E24ϩ (E24/total). mRNAs were quantified by quantitative PCR using Taqman probes (Applied Biosystems) and normalized to cyclophilin A (Ppia), which was invariant between control and experimental groups. Fold changes of transcripts were calculated via the 2 ⌬⌬ Ct method (where C t is threshold cycle).
For protein assays, mesenteric arteries and thoracic aortas were homogenized using a Next Advance Bullet Blender with ϳ10 times volume of lysis buffer containing 125 mM Tris·HCl (pH 6.8), 20% sucrose, 10% SDS, and 1% proteinase inhibitor cocktail (Sigma). Homogenization of mesenteric arteries yielded ϳ100 g protein and aortas yielded ϳ500 g protein. Protein lysates (10 g) were loaded to Mini-PROTEAN TGX 4 -15% Tris-glycine gels (Bio-Rad), separated at 80 V for 1.5 h, and then transferred to nitrocellulose membranes at 25 V for 2 h. Membranes were blocked and hybridized in LI-COR Odyssey blocking buffer (927-40000, LI-COR). The following primary antibodies were used: rabbit polyclonal total MYPT1 (Ab24670, Abcam, 1:3,000), rabbit polyclonal MYPT1 LZϩ (1: 3,000) and LZ-(1:3,000) (39, 57) , rabbit polyclonal C-kinase-activated protein phosphatase-1 inhibitor [CPI-17; 1:5,000, a gift from M. Eto (15) ], mouse monoclonal myosin light chain kinase (MLCK; M7905, Sigma, 1:3,000), and rabbit monoclonal cyclophilin A (Ab131334, Abcam, 1:3,000). IRDye 800CW and 680LT (LI-COR) goat anti-rabbit or mouse IgG were used as secondary antibodies (1:10,000). Blots were scanned in an Odyssey digital scanner and quantified in Image Studio 3.0 (LI-COR).
Vascular function. Vascular function was assayed as previously described (43, 55) with minor modifications. First-order mesenteric arteries (2-mm length, 0.15-to 0.25-mm diameter) were isolated, cleaned of all fat and debris, and mounted on a wire myograph (model 610M, Danish Myo Technology). Arteries were normalized and set to IC 90 (36) . HEPES-bicarbonate buffer solution contained the following (in mM): 112 NaCl, 25.7 NaHCO 3, 4.9 KCl, 2.0 CaCl2, 1.2 MgSO4, 1.2 KH 2PO4, 11.5 glucose, and 10.0 HEPES. The solution was equilibrated with a mixture of 95% O 2-5% CO2 at pH 7.4 at 37°C. Vessels were primed with 10 M PE as previously described. Force was measured in intact vessels in response to KCl depolarization (100 mM) or to PE (␣-adrenergic agonist) and diethylamine (DEA)/NO (NO donor) at cumulative concentrations of 1 nM-100 M. A subset of mesenteric arteries was permeabilized with ␣-toxin (1,000 U/ml, Sigma) as previously described (3, 43) . Vessels were fully relaxed in high relaxing solution (pCa 9) composed of (in mM) 60 potassium methanesulfonate, 5 EGTA, 0.02 CaCl 2, 9.26 MgCl2, 5.2 Na2ATP, 25 creatine phosphate, and 25 N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) with pH 7.1 (intracellular pH) by 1 N KOH based on established protocols (13, 37) . The dose response to Ca 2ϩ was assessed in mesenteric arteries from pCa 9-pCa 4.5, and force was measured at steady state. Relaxation to cumulative concentrations of 8-bromo-cGMP (8-Br-cGMP; 1 nM-100 M) was measured under Ca 2ϩ clamp (pCa 6, 1 M). PE-induced Ca 2ϩ sensitization was performed under Ca 2ϩ clamp (pCa 6, 1 M), and intracellular Ca 2ϩ stores were depleted by preincubation with 10 M A-23187. Data are presented as force (in mN) and for experiments of relaxation as percentages of maximum force. EC 50 was calculated for concentration curves using standard curve analysis. All reagents for experiments of vascular function were from Sigma. Telemetry blood pressure measurements. Blood pressure was measured by telemetry in conscious mice using PA-C10 transmitters (Data Sciences, St. Paul, MN) and detected using individual telemetry receiver platforms and Dataquest software. Transmitters were surgically implanted into the left carotid artery and were turned on 1 wk after surgery. Baseline blood pressures were averaged over the course of 3 days before LPS injection. After the LPS injection (20 mg/kg ip), blood pressures were measured continuously for an additional 24 h and are reported as the reduction in mean arterial pressure versus baseline.
Statistical analysis. Data were analyzed with Sigma Plot software and are presented as means Ϯ SE (SYSTAT, Chicago, IL). Isolated mesenteric artery responses were analyzed using one-way ANOVA with a post hoc Bonferroni test. Kruskal-Wallis ANOVA on ranks was used where applicable. EC 50 values were calculated using standard curve analysis. One-way ANOVA and Student's t-test were used for Mypt1 splice variant PCR, quantitative PCR, protein analyses, and mean arterial pressures. Statistical significance was assumed with P Ͻ 0.05.
RESULTS

Shift to Mypt1 E24Ϫ mRNA variant and downregulation of contractile mRNAs.
The ratio of Mypt1 E24ϩ to E24Ϫ splice variants in the mature mouse mesenteric arterial arcade was ϳ60:40 ( Fig. 1A) (18) . A shift to the E24Ϫ variant was first evident at 12 h after intraperitoneal injection of LPS (20 mg/kg) and was maximal by 18 h (Fig. 1A) . This shift was not restricted to this regional circulation as it also occurred in the femoral artery (Fig. 1B) as well as in the portal vein (Fig. 1C) , a prototypical fast smooth muscle, each with a slightly delayed time course. In contrast, the prototypical slow smooth muscle of the aorta was predominately Mypt1 E24Ϫ at baseline with no change after LPS (Fig. 1D) .
mRNAs of the regulatory (Mypt1) and inhibitory (CPI-17) subunits of MP as measured by quantitative PCR were decreased in mesenteric arteries at 6 and 24 h after LPS ( Fig. 2A) . CPI-17 mRNA was also reduced in the femoral artery and portal vein at 6 and 24 h after LPS ( Fig. 2A) , whereas Mypt1 mRNA was reduced to a lesser magnitude in femoral arteries only at 12 and 18 h (0.3 Ϯ 0.3 and 0.4 Ϯ 0.3 vs. control, n ϭ 4, P Ͻ 0.05 vs. control) and in portal veins at 12 and 18 h (Mypt1: 0.3 Ϯ 0.1-and 0.3 Ϯ 0.3-fold vs. control, n ϭ 4, P Ͻ 0.05 vs. control) and 24 h ( Fig. 2A) after LPS. Mypt1 and CPI-17 mRNAs were paradoxically increased approximately fourfold in the thoracic aorta at 6 h after LPS ( Fig. 2A ) and gradually declined thereafter ( Fig. 2A and data not shown) such that at 24 h, Mypt1 had returned to control levels, whereas CPI-17 was significantly decreased. Additional contractile gene mRNAs were measured for a broader assessment of the effect of LPS on the mesenteric arterial smooth muscle gene program. At 24 h after LPS (20 mg/kg), mRNAs for smooth muscle-specific myosin heavy chain, smooth muscle ␣-actin, smooth muscle ␥-actin, and smooth muscle MLCK were significantly decreased (Fig. 2B) . In contrast, there were no changes in mRNAs for the catalytic subunit of MP, Ppp1c␥, and a second member of the inhibitory subunit family of MP, phosphatase inhibitor-1, nor in cyclophilin A, the mRNA used for internal normalization.
As LPS injected intraperitoneally at 20 mg/kg is a sublethal dose, we examined the dose response to injection of LPS from 1-20 mg/kg ip. At the 6-h time point, there was a doseresponse effect for the decrease of Mypt1 mRNA in mesenteric arteries (Fig. 2C ) and for the increase in Mypt1 and CPI-17 mRNAs in the aorta (Fig. 2D) . At the 24-h time point, CPI-17 and Mypt1 mRNAs were each similarly decreased in mesenteric arteries at all doses of LPS (Fig. 2C ). In the aorta at 24 h after LPS, CPI-17 mRNA was increased twofold at the lowest dose of 1 mg/kg and decreased at doses of 10 and 20 mg/kg, whereas Mypt1 mRNA was unchanged at all doses (Fig. 2D) .
Shifts in Mypt1 LZϩ/Ϫ protein isoforms and downregulation of contractile proteins. Mypt1, CPI-17, and MLCK proteins were decreased in mesenteric arteries at 24 h after intraperitoneal injection of LPS at 20 mg/kg (Fig. 3) . Antibodies specific to the COOH-terminal LZϩ and LZϪ isoforms were used to measure isoform-specific levels of Mypt1 protein. The Mypt1 LZϩ signal was increased by 1.5-fold and the LZϪ signal was decreased to 0.4-fold of control at 24 h after LPS. Thus, the ratio of Mypt1 LZϩ to LZϪ was increased by 3.6-fold at 24 h after LPS, corresponding well with the increase in the Mypt1 E24Ϫ splice variant encoding the LZϩ isoform. LPS did not alter the expression of Mypt1, CPI-17, or MLCK proteins in the thoracic aorta (Fig. 3) . Tests of signaling pathways that may mediate vascular smooth muscle phenotypic changes. We next examined inflammatory signals that might mediate atrophy and phenotypic modulation of mesenteric arterial smooth muscle. iNOS mRNA, as an indicator of the inflammatory response, was significantly increased at 24 h after intraperitoneal injection of LPS (20 mg/kg) in the mesenteric arteries (8.4 Ϯ 0.2-fold, n ϭ 4, P Ͻ 0.05) and portal vein (55.7 Ϯ 0.6-fold, P Ͻ 0.05) but was unchanged in the femoral artery (1.0 Ϯ 0.3-fold) and thoracic aorta (0.9 Ϯ 0.5-fold). To determine if the induction of iNOS was required for the phenotypic modulation of mesenteric arterial smooth muscle, LPS was administered to mice in which iNOS was inactivated by deletion of the calmodulinbinding domain (27) . Intraperitoneal injection of LPS (20 mg/kg) to homozygous iNOS knockout mice caused a switch to the Mypt1 E24Ϫ splice variant (Fig. 4A ) and decreases in Mypt1 and CPI-17 mRNAs at 24 h (Fig. 4B) , similar to mesenteric arteries of wild-type mice. We next tested two other signaling pathways that are activated in models of sepsis, adrenergic signaling, which we have shown controls the mesenteric artery gene program and MP subunit expression in developmental contexts (43) , and the cytokine IL-1, a mediator of sepsis-induced changes in gut smooth muscle gene expression (38) . Treatment with the ␣-agonist PE (1 or 5 mg/kg ip) 3 h after LPS administration had no effect on the LPS-induced changes in MP subunit mRNAs in mesenteric arteries at 24 h (Fig. 4, A and B) . IL-1ra given at a dose of 80 g/kg ip 1 or 3 h after endotoxin administration also had no effect on the LPS-induced changes in MP subunit mRNAs in mesenteric arteries at 24 h (Fig. 4, A and B) . Reduction in mesenteric arterial smooth muscle contractile function after LPS. We next tested how the changes in contractile protein expression induced by LPS affect the contractile performance of mesenteric arterial smooth muscle. Firstorder mesenteric arteries were studied ex vivo under isometric conditions from mice 6 or 24 h after injection with LPS or vehicle (saline). Maximum force induced by depolarization with 100 mM KCl was significantly reduced in mesenteric arteries at 24 h but not at 6 h after LPS injection (Fig. 5A) . Maximum force and sensitivity to the ␣-adrenergic agonist PE were reduced in mesenteric arteries at 24 h but not at 6 h after LPS injection (EC 50 : control, 0.3 Ϯ 0.1 M; 6-h LPS, 0.5 Ϯ 0.2 M, P Ͼ 0.05; 24-h LPS, 3.5 Ϯ 1.4 M, P Ͻ 0.05; Fig.  5B ). Preincubation of mesenteric arteries with N-nitro-L-arginine methyl ester (L-NAME; 0.1 mM) to block NOS production did not affect PE-induced force generation in mesenteric arteries from control or 6-h LPS-treated mice (Fig. 6, A and B) and significantly increased but did not completely normalize force production in mesenteric arteries from 24-h LPS-treated mice (Fig. 6, C compared with A) .
To more directly test the function of myofilaments in this LPS model of endotoxemia, mesenteric arteries were ␣-toxin permeabilized and studied under Ca 2ϩ clamp. Maximum force to Ca 2ϩ (pCa 4.5) was significantly reduced in mesenteric arteries at 24 h after LPS injection (Fig. 5C ), whereas the sensitivity to Ca 2ϩ (EC 50 ) was unchanged (pCa: control, 5.6 Ϯ 0.2; 6-h LPS, 6.2 Ϯ 0.4; and 24-h LPS, 5.5 Ϯ 0.2, P ϭ 0.2 by one-way ANOVA). Next, permeabilized vessels were activated with submaximal Ca 2ϩ (pCa 6, 1 M) followed by 10 M PE, a maneuver that sensitizes the filaments to Ca 2ϩ by inhibiting MP activity. In this context, mesenteric arteries from LPSinjected mice generated Ͻ50% of the force of control mesenteric arteries (Fig. 5D) ; the PE-induced increment in force was similarly reduced by 50% (control: 0.6 mN vs. 24-h LPS: 0.3 mN, P Ͻ 0.05). In these permeabilized preparations, preincubation with L-NAME to block NO signaling had no effect on force production in either group of mesenteric arteries (Fig.  5D ). There were no differences in responses to Ca 2ϩ or Ca 2ϩ plus PE in mesenteric arteries from mice 6 h after LPS ( C: mesenteric arteries were ␣-toxin permeabilized and subjected to a dose response to Ca 2ϩ (pCa). D: mesenteric arteries were ␣-toxin permeabilized and force activated at submaximal Ca 2ϩ (pCa 6, 1M) followed by the ␣-agonist PE (10 M) with and without N-nitro-L-arginine methyl ester (L-NAME; 0.1 mM) preincubation. All data are expressed as means Ϯ SE; n ϭ 4 -6/group. *P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. 6-h LPS.
Increase in mesenteric arterial vasorelaxation after LPS.
We next tested how the changes in contractile protein expression induced by LPS affect the relaxation properties of mesenteric arterial smooth muscle. Mesenteric arteries preconstricted with PE (10 M) were significantly more sensitive to relaxation to the NO donor DEA/NO at 6 and 24 h after LPS injection (EC 50 : control, 16.0 Ϯ 1.6 M; 6-h LPS, 0.03 Ϯ 0.02 M; and 24-h LPS, 0.02 Ϯ 0.01 M, n ϭ 4 -5, P Ͻ 0.05; Fig. 7A ). All arteries completely relaxed at the highest concentrations of DEA/NO. The dose responses to the NO donor were not altered by preincubation of arteries with 0.1 mM L-NAME to block synthesis of endogenous NO (data not shown). To test the extent to which increased sensitivity to DEA/NO may reflect increased activation of MP, arteries were permeabilized and force activated with submaximal Ca 2ϩ (pCa 6, 1 M) followed by dose response to 8-Br-cGMP, the classic assay for MP activity in situ (25, 28) . Relaxation to 8-Br-cGMP was increased in mesenteric arteries at 24 h but not at 6 h after LPS injection (EC 50 : control, 37.5 Ϯ 7.1 nM; 6-h LPS: 39.3 Ϯ 11.6 nM; and 24-h LPS, 4.7 Ϯ 1.6 nM, P Ͻ 0.05; Fig. 7B ). The increased sensitivity of 24-h LPS mesenteric arteries to DEA/NO and cGMP under Ca 2ϩ clamp is consistent with the switch to the Mypt1 E24Ϫ/LZϩ isoform at 24 h, as the COOH-terminal LZ motif is thought to be required for cGMP/ PKG-1␣ activation of MP. To more directly test this, we examined mice in which E24 was specifically deleted in smooth muscle using a tamoxifen-inducible Cre-lox strategy, as described above in MATERIALS AND METHODS. This induced a switch in E24 flox heterozygous mice mesenteric arteries to the E24Ϫ variant of Mypt1 (Fig. 8A ) of a magnitude similar to that induced by LPS treatment of wild-type mice (Fig. 1A) with a corresponding increase in the Mypt1 LZϩ isoform (Fig. 8B) . The genetic switch to the Mypt1 E24Ϫ/LZϩ variant increased the sensitivity of mesenteric arteries preconstricted with PE (10 M) to the NO donor DEA/NO (EC 50 : 0.01 Ϯ 0.001 M, P Ͻ 0.05 vs. control; Fig. 7A ) and to 8-Br-cGMP under Ca 2ϩ clamp (EC 50 : 5.3 Ϯ 3.0 nM, P Ͻ 0.05; Fig. 7B ) to the same magnitude as occurred 24 h after LPS treatment of wild-type mice. Treatment of control mice (Creϩ//ϩ/ϩ) with tamoxifen at the age of 3 wk had no effect on contraction and relaxation properties of their mesenteric arteries studied at the age of 8 wk (data not shown).
At 6 h after LPS, the mesenteric arterial sensitivity to DEA/NO was increased but the sensitivity to 8-Br-cGMP under Ca 2ϩ clamp was unchanged, consistent with the absence of a Mypt1 isoform switch at this early stage and suggesting a different mechanism. A previous study (45) suggested that redox activation of PKG-1␣ mediates the early hypotension of sepsis, as demonstrated by the suppression of this response by a single amino acid substitution in PKG-1␣ Cys42 to serine (Cys42Ser, redox dead mice). To test the role of redox signaling in the time-dependent changes in arterial function, these mice were injected with LPS (20 mg/kg), and mesenteric arterial function was studied at 6 and 24 h. The loss of reactive Cys42 in PKG-1␣ abolished the increased sensitivity of mesenteric arteries to DEA/NO at 6 h after LPS but had no effect on the increased sensitivity to DEA/NO at 24 h after LPS (EC 50 : PKG knockin control, 1.2 Ϯ 0.4 M; PKG knockin 6-h LPS, 2.3 Ϯ 0.4 M; and PKG knockin 24-h LPS, 0.003 Ϯ 0.001 M, n ϭ 4, P Ͻ 0.05; Fig. 7, C compared with A) . The increased sensitivity of permeabilized mesenteric arteries to Fig. 7, D compared with B) , while, as in wild-type mice, there was no difference in response to 8-Br-cGMP at 6 h after LPS. PKG-1␣ knockin mice did not differ from wild-type mice in their contractile responses to PE (10 M) under any of the conditions tested (PKG-1␣ knockin: control, 5.2 Ϯ 1.2 mN; 6-h LPS, 5.5 Ϯ 1.0 mN; and 24-h LPS, 2.0 Ϯ 0.5 mN, P Ͻ 0.05 vs. control).
Conditional deletion of Mypt1 E24 lowers blood pressure. Mean arterial pressures measured via telemetry in conscious mice were significantly lower at baseline in E24 conditional knockout mice (Creϩ//F/ϩ) compared with control mice (Creϩ//ϩ/ϩ; 90.1 Ϯ 2.4 vs. 106.2 Ϯ 3.8 mmHg, P Ͻ 0.05; Fig. 8C ). Control and Creϩ//F/ϩ mice showed similar reductions in mean arterial pressure at 6 h (Fig. 8D ) and 24 h (Fig.  8E) after LPS injection.
DISCUSSION
In the present study, we demonstrated time-dependent changes in mouse mesenteric arterial smooth muscle contractile gene expression and function in an LPS model of peritoneal endotoxemia. The reduction in mRNAs for MP subunits Mypt1 and CPI-17 at 6 h suggests accelerated degradation of the mRNAs. This effect is specific as mRNAs for cyclophilin A, Ppp1c␥, and phosphatase inhibitor-1 were not affected. Downregulation of CPI-17 and Mypt1 has also been shown to occur in colonic smooth muscle in models of sepsis or in response to the inflammatory mediator IL-1␤ and has been proposed to mediate the ileus of sepsis (20, 38) . The mechanism for this rapid and specific reduction in these mRNAs is not known but could involve LPS induction of micro-RNAs destabilizing transcripts, as occurs in immune cells in inflammation (for a review, see Ref. 30) . A switch from the E24ϩ to E24Ϫ splice variant of Mypt1 occurs with a time course that is delayed relative to the reduction in Mypt1 mRNA, suggesting that the two processes are independent of one another. A switch to the Mypt1 E24Ϫ variant occurs in a number of animal models of vascular disease, including portal hypertension (40), mesenteric artery ligation (high-flow/low-flow) (55) , and hypertension of pregnancy (31) . While some cis-elements and transacting factors that regulate splicing of Mypt1 E24 have been defined (10, 18, 48) , the control mechanisms for splicing of this Increased relaxation of mesenteric arteries to NO and cGMP after LPS and genetic models. First-order mesenteric arteries were harvested from wild-type and PKG-1␣ knockin (KI) mice 6 and 24 h after injection of LPS (20 mg/kg) or saline (vehicle). First-order mesenteric arteries were harvested from adult mice 5 wk after tamoxifen-induced smooth muscle-specific heterozygous deletion of E24 from Mypt1 (Creϩ//fϩ). Force (in mN) was measured in intact (A and C) or ␣-toxin-permeabilized (B and D) mesenteric arteries. A and C: intact mesenteric arteries activated with 10 M PE followed by dose response to the NO donor diethylamine (DEA)/NO. B and D: mesenteric arteries were ␣-toxin permeabilized and Ca 2ϩ clamped (pCa 6, 1M) followed by dose response to 8-bromo-cGMP (8-Br-cGMP). Data are plotted as percentages of maximum force generated. All data are expressed as means Ϯ SE; n ϭ 4 -6/group, *P Ͻ 0.05, control vs. 24-h LPS; †P Ͻ 0.05, control vs. 6-h LPS; ‡P Ͻ 0.05, control vs. Creϩ//F/ϩ; §P Ͻ 0.05, 6-h LPS vs. or other alternative exons in these models has not been determined. Alternatively, the shift to the Mypt1 E24Ϫ variant could, in part, reflect selective degradation of the Mypt1 E24ϩ transcript as this contains a premature termination codon that could trigger nonsense-mediated decay (for reviews, see Refs. 24 and 56) .
The corresponding contractile proteins were also specifically and significantly reduced 24 h after intraperitoneal injection of endotoxin. This also suggests activation of degradation of the myofibrillar proteins in the microvasculature, as has been observed in animal models of mesenteric artery ligation (55) and myocardial infarction (19) . In contrast to their coupled synthesis, degradation of mRNAs and proteins are independent of one another and may explain the variance between changes in mRNA and corresponding protein in this study. The reduced protein levels coupled with reduced force generation at 24 h support that these changes are a form of muscle atrophy, similar to the more studied skeletal muscle wasting that occurs in sepsis and other inflammatory disorders due to activation of the ubiquitin proteasome and other proteolytic mechanisms (for reviews, see Refs. 49 and 52) . The extent to which these proteolytic pathways may be activated in mesenteric arteries and therapeutically targeted in sepsis requires further study.
In contrast to peripheral vessels, Mypt1 and CPI-17 mRNAs were increased severalfold in the aorta early after intraperitoneal injection of LPS. The aorta contains prototypical slow (tonic) smooth muscle, whereas peripheral arteries contains phenotypically mixed (slow-fast) smooth muscle, so this result is similar to skeletal muscle, in which the fast twitch muscle is more susceptible than the slow-twitch muscle to atrophy induced by sepsis and other inflammatory conditions (for a review, see Ref. 52) . Interestingly, the induction of CPI-17 was also reported in response to inflammatory mediators such as IL-1␤ and TNF-␣ in cultured aortic smooth muscle cells (26) , though this and other in vitro studies were limited by basal downregulation of smooth muscle contractile gene expression. This may suggest an intrinsic difference in the signaling response dependent on the smooth muscle phenotype or, alternatively, their embryological origin, as has been demonstrated for responses to transforming growth factor-␤ signaling (7, 32) . Alternatively, the differences between the aorta and mesenteric arteries could also reflect exposure to differing signals in this model. We speculate that the early increase in Mypt1 and CPI-17 in the aorta is a stress response, whereas their subsequent decline is due to progression of the inflammatory response. Given the differing basal and time-and dose-dependent responses of gene expression in the aorta in this model, as well as its minimal contribution to vascular resistance, studies of the aorta and other conduit vessels are of limited utility for understanding vascular dysfunction in sepsis and other inflammatory conditions.
Whether sepsis induces an intrinsic contractile defect in resistance-type arterial smooth muscle is controversial and may depend on the model, timing, vascular bed, and measures of contractility (8, 14, 16, 33, 41) . Certainly, specific molecular mechanisms have not been identified. The present study shows that mesenteric artery smooth muscle intrinsic contractile function is unchanged at 6 h after intraperitoneal injection of LPS but significantly changed at 24 h. Reduced expression of the contractile (myosin and actin) and regulatory (MLCK and myosin light chain phosphatase) mRNA and proteins is consistent with the reduced maximum force to KCl depolarization and Ca 2ϩ without a change in sensitivity to the latter, suggesting no change in Ca 2ϩ activation of MLCK. Sensitivity and maximum force to the ␣-agonist PE were decreased and partially normalized by inhibition of NO synthesis with L-NAME, consistent with increased NO signaling as well as an intrinsic defect in the contractile response to the ␣-adrenergic agonist. The specific nature of this defect was not defined in the present study, as we focused on the vasodilator pathway, but [4,3-a] quinoxalin-1-one but not by inhibition of NO synthesis (at 24 h). The authors concluded that changes in mechanisms of Ca 2ϩ sensitization play a role in the sustained vasodilation of septic shock. However, this study was limited by an absence of primary measures of MP activity, i.e., permeabilized preparations under Ca 2ϩ clamp, and a reliance on chemical inhibitors that may not be specific for the presumed targets in this or other models. In the prior study, Mypt1 and Rho kinase proteins were increased, whereas CPI-17 was not measured, whereas in the present study, Mypt1 and CPI-17 mRNA and proteins were reduced at 24 h. Other than the use of different species, the reasons for these discrepant findings are not clear. More definitive evidence for the role of reduced CPI-17 (or Mypt1) expression in sepsis-induced hypocontractility will require rescue experiments via transgenic forced expression. Such an approach has demonstrated the role of CPI-17 in determining sensitivity to ␣-agonistmediated vasoconstriction and blood pressure (50) , while the vascular function of these mice in sepsis or other disease models has not been reported.
Mesenteric arterial smooth muscle dilator function was increased at both 6 and 24 h after LPS with nearly 100-fold increased sensitivity of relaxation to the NO donor DEA/NO. Only at 24 h, was there also a 10-fold increased sensitivity to cGMP-mediated relaxation under Ca 2ϩ clamp, the classic assay indicating activation of MP in situ (25, 28) . Differences in relaxation were largest at concentrations of 10 nM cGMP (50% vs. 80%), approximating the K m of cGMP for its target, PKG-1␣. This increased sensitivity to NO and cGMP is concordant with the shift to the E24Ϫ/LZϩ isoform of Mypt1. The genetic Cre-lox-induced shift of Mypt1 to the E24Ϫ/LZϩ isoform specifically in smooth muscle caused a similar increase in sensitivity to DEA/NO and cGMP under Ca 2ϩ clamp, supporting biochemical and physiological studies showing that the Mypt1 LZ is required for PKG-1␣ binding and activation of MP (21, 25, 51) . The 100-fold increase in sensitivity to NO in mesenteric arteries indicates the "NO reserve" and is consistent with the concept of receptor reserve as demonstrated in a study (35) of guanylate cyclase-deficient mice. Precisely how much of the NO reserve in this and other disease models is contained within the toggling of Mypt1 from E24ϩ(LZϪ) to E24Ϫ(LZϩ) will require a model with forced expression of the E24ϩ/LZϪ isoform.
The nearly 100-fold increase in mesenteric arterial smooth muscle relaxation to the NO donor DEA/NO at 6 h after LPS was completely abrogated by a redox dead version of PKG-1␣, demonstrating that reactive Cys42 of PKG-1␣ is required for this response. In contrast, Cys42 mutation had no effect on the increased vasorelaxation to DEA/NO or cGMP at 24 h after LPS, consistent with a previous study (45) in which the early fall in blood pressure was significantly suppressed by PKG-1␣ Cys42Ser with similar levels of hypotension at later stages (12-24 h ). This suggests different mechanisms underlying the early versus late hypotension of sepsis and septic shock. As discussed above, the late changes are, at least in part, due to a change in the expression of a critical target of MP, Mypt1 splice variants, increasing its affinity for PKG-1␣. In contrast, the PKG-1␣ redox dead version had no effect on activation of MP in control vessels at 6 or 24 h after LPS, raising the possibility of differing targets dependent on how PKG-1␣ is activated or the redox milieu, with previous studies (42, 54) suggesting K ϩ channels mediating hyperpolarization as a target of oxidation/oxidized PKG-1␣. One limitation of the present study is that assays of MP activity were performed in permeabilized arteries; the resulting large volume of distribution or some other effect may cause loss of oxidation of 1) PKG-1␣ or 2) targets that mediate vasorelaxation. Future studies could examine H 2 O 2 and cGMP analogs in combination in activation of MP under Ca 2ϩ clamp to test for synergistic activation of PKG-1␣ and its targets, as . Inclusion of this 31-nt exon alters the reading frame and codes for the Mypt1 LZϪ isoform. In mice treated with endotoxin, mesenteric and other blood vessels switch to Mypt1 E24-skipped isoform mRNA coding for the Mypt1 LZϩ isoform. In the present study, we modeled this by inserting LoxP sites (designated as solid triangles) in the introns flanking E24. Tamoxifen activation of smooth muscle-specific Cre causes deletion of Mypt1 E24, thereby converting the muscle to the Mypt1 E24Ϫ/LZϩ isoform. B: the working model derived from this and previous studies is that LZ-mediated heterodimerization between PKG-1␣ and Mypt1 is required for NO/cGMP-mediated activation of MP and dephosphorylation of myosin. This results in arterial smooth muscle relaxation even in the presence of activating Ca 2ϩ , i.e., Ca 2ϩ desensitization of force production. Using various mutant mice, data from the present study support a model in which the vasodilation of early endotoxemia (6 h) is mediated by ROS activation of PKG-1␣ signaling through Cys 42 , whereas the vasodilation of later sepsis (24 h) is mediated by the switch to the Mypt1 E24Ϫ/LZϩ isoform mediating increased activation of MP by NO/cGMP/PKG-1␣.
